ABSTRACT: In situ FT-IR measurements and electronic structure calculations are reported for the reduction of CO 2 catalyzed by the macrocyclic complex [Co II
2+ sensitizer yields an infrared band at 1670 cm −1 attributed to carboxylate, which is also observed for an authentic sample of the one-electron reduced complex [CoN 4 
H(MeCN)]
+ in CO 2 saturated acetonitrile solution. The results are interpreted based on calculations using the pure BP86 functional that correctly reproduces experimental geometries. Continuum solvation effects are also included. The calculations show that Co is reduced to Co I in the first reduction, which is consistent with experimental d−d spectra of square Co(I) macrocycle complexes. The energy of the CO 2 adduct of the one-electron reduced catalyst complex is essentially the same as for [CoN 4 
+ , which implies that only a fraction of the latter forms an adduct with CO 2 . By contrast, the calculations indicate a crucial role for redox noninnocence of the macrocyclic ligand in the doubly reduced state, [Co I (N 4 H) 3 sensitizer with greater reducing power closes the catalytic cycle as FT-IR spectroscopy shows CO production. Use of isotopically substituted C 18 O 2 also shows clear evidence for 18 O-substituted byproducts from CO 2 reduction to CO. 2,11,13,15-pentaene) , are well established molecular catalysts for reducing protons to hydrogen 1−3 or carbon dioxide to CO, 4 either electrocatalytically or by using a visible light sensitizer in the presence of an electron donor. An important issue regarding the utility of this and structurally related molecular catalysts for renewable fuel generation is the understanding of factors that control the branching between the hydrogen generation path and carbon dioxide activation. In particular, understanding the origin of the selectivity toward CO 2 activation at the expense of H + reduction may guide catalyst design or changes of reaction conditions (solvent, second sphere interactions) in order to favor carbon dioxide reduction. In light of the far greater number of molecular catalysts for H 2 generation now available compared to CO 2 reduction catalysts, knowledge of selectivity-determining factors might be used to structurally modify existing proton reduction catalysts in order to enlarge the catalyst pool for CO 2 activation.
INTRODUCTION
In 5 Temporally resolved FT-IR spectroscopy is a method suitable for the detection and structural identification of intermediate(s) formed in this step and might reveal details on how the reactants interact with the catalytic structures under operating conditions. The method requires initiation of the catalysis with a pulse of charge equivalents, as described in our most recent mechanistic studies in liquid solution, rendered feasible by the visible light sensitization approach. 6, 7 In this paper, we report on an initial in situ FT-IR study of the reduction of CO 2 10 We used the well-known hybrid functional B3LYP and the rangeseparated hybrid, ωB97X-D, as well as the PBE and BP86 Generalized Gradient Approximation (GGA) functionals. We included Grimme's D2 dispersion correction for all except ωB97X-D (which already includes a specially optimized version of the D2 correction). 11 We used the double-ζ polarized plus diffuse 6-31+G** basis set for the light elements 12, 13 and the Wachters+f basis set for Co. 14, 15 The unrestricted open shell procedure for the self-consistent field (SCF) calculations was used for all spin states, with a matrix element threshold of 10
Hartrees and a tight convergence criterion of 10 −8 Hartrees using either the Direct Inversion in the Iterative Subspace (DIIS) or the Geometric Direct Minimization (GDM) algorithm. Exchange correlation integrals were evaluated using a quadrature grid of 75 radial points and 302 Lebedev angular points. All geometries were characterized using the analytic Hessian to determine that the local minima have no negative curvature directions (imaginary frequencies). The vibrational frequencies from the analytic Hessian were used to calculate the zero-point energy correction at 0 K. Optimization in implicit solvent were performed using the SWIG C-PCM approach (CH 3 CN, ε = 35.9, ε ∞ = 1.8) and the UFF radii. 16, 17 Wave function stability analyses were performed in addition to ensure that all SCF solutions correspond to local minima, that is, all positive eigenvalues. Free energies and binding energies are calculated at 298.15 K and 1 atm (see SI).
RESULTS

Infrared Monitoring of Carbon Dioxide Reduction Driven by Ir(ppy) 3 Sensitizer. When illuminating a wet a c e t o n i t r i l e s o l u t i o n (
, and triethylamine (TEA) electron donor (0.1 M) saturated with CO 2 gas with 405 nm laser light (20 mW) for 3 h, CO product growth was detected in solution and in the gas headspace of the reaction mixture. As can be seen from the UV−vis spectra shown in Figure S1b , photons at 405 nm are absorbed well by the Ir III (ppy) 3 sensitizer. Figure 1a shows the infrared spectrum of an aliquot of the gaseous content of the headspace that was transferred into a miniature infrared cell after photolysis. The rotation-vibrational bands confirm the generation of CO product, which is only observed when illuminating a solution with both catalyst and CO 2 present. With completely dry acetonitrile solution, no CO was produced. Trace (c) of Figure 1 shows the photolysis control experiment in the absence of catalyst.
Carbon monoxide product was detected in the solution phase as well. Figure 2a shows an FT-IR spectrum recorded upon illumination of an identical reactant mixture as described above, but now using isotopically labeled 13 CO 2 in order to unambiguously demonstrate the origin of the carbon monoxide product. Also, a lower water concentration of 0.1 M was used in order to allow for spectral monitoring in the 1600 cm −1 region (see below) that otherwise would be blocked by the H 2 O bending mode absorption. Photolysis with 405 nm laser light (170 mW) for 20 min revealed growth of a broad band centered at 2099 cm −1 (shifted to lower frequency by 47 cm
relative to the known band of parent isotope 12 CO). It is interesting to note that the presence of H 2 O is essential for carbon monoxide to be produced. Substantially less gas phase CO product was detected under rigorous exclusion of water in solution, an observation made previously in the electrocatalytic study.
5 By contrast to experiments with Ir(ppy) 3 , for photolysis experiments with the [Ru(bpy) 3 ] 2+ sensitizer (0.2 M) in otherwise identical reactant solution using laser emission at 458 nm laser (170 mW), no growth of 13 CO was detected ( Figure  2b ). The excitation wavelength of 458 nm was selected for optimal overlap with the [Ru(bpy) 3 ] 2+ absorption ( Figure S1c ). We conclude that visible light induced electron transfer from the Ir sensitizer to the Co catalyst results in 2-electron reduction of CO 2 to CO while electron transfer from the substantially less reducing Ru complex does not.
While H 2 O is the coproduct of CO in the case of e l e c t r o c a t a l y t i c r e d u c t i o n o f C O 2 w i t h t h e [Co II N 4 H(MeCN)] 2+ catalyst, 5 the fate of oxygen split off from CO 2 in the case of photosensitized CO 2 reduction depends on the nature of the electron donor used. For photoinduced CO 2 reduction in the presence of TEA donor, acetaldehyde and diethylamine are the known products, 18−21 which can be monitored by infrared spectroscopy if spectral interference by solvent infrared absorption can be minimized. In our case, a liquid transmission cell of 200 μm path length was found adequate for recording infrared spectra of the coproduct (and intermediates, see below) with sufficient signal intensity. For this path length, product monitoring in the region 2200−1000 cm −1 between the intense CN stretch absorption of acetonitrile and the cutoff of CaF 2 is possible in the spectral windows 2200−1550 cm −1 and 1350−1050 cm −1 ( Figure S2a ). Probing of the CO stretch mode of acetaldehyde is accessible, with the band observed at 1724 cm −1 , as shown in Figure 3b . On the other hand, infrared absorptions due to diethylamine growth are obscured by the very similar absorptions of the much more abundant TEA. (Figure 3b ) exhibits the expected isotope shift of 30 cm −1 for ν(CO) based on the harmonic approximation. Therefore, the result allows us to assign the band to acetaldehyde- 18 O generated by reaction of the split-off oxygen of C 18 O 2 with the oxidized TEA. We conclude that both CO and the end product of the dissociated O upon visible light sensitized two-electron reduction of CO 2 by the Ir(ppy) 3 sensitizer are identified. It should be added that the growth of unlabeled acetaldehyde at 1724 cm −1 , even in the experiment with isotopically pure C 18 O 2 , is a consequence of the reaction of the oxidized donor TEA (i.e., TEA radical cation) with H 2 O of the wet acetonitrile solution, as confirmed by the control experiment shown in Figure 3c . In this spectrum, which was recorded upon illumination of a solution of wet acetonitrile containing Ir(ppy) 3 Figure 4a . In an identical photolysis experiment with a 13 CO 2 saturated solution, the new band shifted to 1631 cm −1 (Figure 4b ). The 13 C shift indicates the formation of a CO carboxyl moiety (bent OCO with partial + complex. Carbonate might only be generated as byproduct of CO, yet no CO is produced with the Ru(bpy) 3 sensitizer. The 1670 cm −1 band is observed in vigorously dried solvent using the Ir(ppy) 3 sensitizer, conditions under which no CO was observed and therefore no CO 3 2− byproduct generated. . Since presentday density functionals are imperfect, with errors that vary from system to system it is important to perform validation calculations that address which functional is most appropriate to employ for the studies of CO 2 binding. For example, for some Co-based catalysts with redox noninnocent ligands, hybrid functionals sometimes predict qualitatively the wrong electronic configuration. 22, 23 We used five different crystal structures of different oxidation states and conditions for the current Co catalyst available in the literature, and published recently, 5 in order to benchmark several candidate functionals. We decided to compare experiments versus the computational methods for bond distances involving atoms that can participate in the redox process. The complete results are shown in Tables S2−S7. They show that the minimum error in the prediction of bond lengths is BP86-D, by a significant margin, followed by ωB97X-D and B3LYP-D and last PBE-D. In other words, BP86-D most correctly captures geometric changes as a function of the oxidation state of the Co-catalyst. Therefore, it also presumably best captures the electronic properties of the catalyst as a function of oxidation state.
In Table 1 , we compare the energy of the electronic states of the complexes predicted by the different functionals discussed above. All of the functionals predicted the low spin configuration to be the ground state. The hybrid functionals predict the high spin versus low spin gap to be significantly smaller than the GGA functionals; this is because, in general, hybrid functional favors the high spin configuration. This becomes particularly important in [CoN 4 
H]
+ where both B3LYP-D and ωB97X-D predict a high spin−low spin gap of only about 1 kcal/mol, which is within the expected error of these functionals, while the GGA functionals predict a much , but we know the latter species is low spin from experimental data. 5 However, B3LYP-D and ωB97X-D predict the low spin state to be more stable by only ∼3 kcal/mol, almost within the expected uncertainty of the functionals, while BP86-D and PBE-D again predict higher gaps of 7 and 21 kcal/mol, respectively. Coupled with the geometric data, we decided to use BP86-D to study the electronic properties of this system. We also performed the calculation at the B3LYP-D level for comparison.
We performed Localized Orbital Bonding Analysis (LOBA) 24 to assess the oxidation state of cobalt in each redox state of the complex, and the results are shown in Figure  6 . 
H(MeCN)]
+ is only stable in the gas phase, which indicates the importance of taking into account the solvation effect on these solvent-coordinated species. This is especially true when the bound solvent molecule has a significant effect on the singlet−triplet gap and, thus, potentially affects the choice of the DFT functional. From here on, the discussions are based on BP86-D results, but they are similar to the B3LYP-D results. one-electron reduced ligand. 5 As shown in Figure 6 , we reproduce this result when B3LYP is used. Thus, this difference originates from our choice of BP86-D instead B3LYP as the preferred functional.
In Figure S8 ), agrees much more closely with the d−d spectra of Co I macrocycle complexes with square geometry reported in the literature. 25, 26 In particular, bands at 432 and 700 nm of [CoN 4 H(MeCN)] + and the literature Co I macrocycle complex are in good agreement and distinct from the Co II spectral features. In light of the comparison of the computational results with optical spectra, we conclude that the one-electron reduced complex has Co I character that likely involves sharing of electron density with the partially reduced ligand. Thus, considering both the geometric data discussed earlier and the spin state preferences implied by the optical spectra, we are reasonably confident that using BP86-D generates adequately accurate results for this system. Nevertheless, the computed energies predict the dissociated four-coordinate [Co I N 4 H] + in acetonitrile to be slightly more stable than the five-coordinate complex in the range −105 to 60°C, providing experimental confirmation of the small energy difference between the two complexes. Uncertainties regarding the energetic order and electronic structure description of the Co species reflected by these findings need to be considered in the discussion of the reaction mechanism.
3.4. Binding Modes of CO 2 . Using the BP86-D functional, we calculated all the possible binding modes of CO 2 to the catalyst in its different oxidation states. We report the most stable configurations in Table 2 , and all the studied configurations are shown in the SI. We concentrate on calculating the binding of the CO 2 Figure 7 shows the most favorable binding energies for the CO 2 approaching from the top or the bottom of the ligand where in both cases the CO 2 bends. However, in the case of CO 2 4 H] bends at least 133°in solvent and 138°in gas phase, which is consistent with a CO 2 − species ( Table 2 ). The nature of the electron transfer from the ligand to the CO 2 in the case [CoN 4 
H] and [CoN 4 H]
+ is discussed below.
DISCUSSION
The majority of N 4 -macrocylic cobalt compounds do not mediate electrochemical reduction of CO 2 . Rather, most exhibit a strong preference for H 2 evolution. 27−29 We were therefore interested in the N 4 H platform because it appeared to impart unique properties to the cobalt complex that enabled CO 2 reduction. 4, 5 At the onset of our work in CO 2 reduction with cobalt ions, we hypothesized that redox active ligands were important in stabilizing highly reduced species and that proton shuttles/hydrogen bonding groups would favor CO 2 reduction mechanisms. These two hypotheses were inspired by CO 2 reduction mediated with Fe-porphyrin compounds, which are known redox-active platforms and have been modified with Hbonding moieties to great effect. 30, 31 Therefore, the N 4 H ligand was ideal for our studies because of the N−H group and a pyridine-diimine (PDI) moiety which incorporates both concepts of H-bonding and redox-active ligands. In addition to these two features, we encountered an unexpected property of the N 4 H ligand in its ability to accommodate different coordination geometries. For example, the formal cobalt(I) state has been isolated in two distinct coordination modes with the N 4 H ligand adopting different geometries. For the solvated [Co I N 4 H(MeCN)] + , the cobalt center appears to be distorted to a pseudo square pyramidal (sp) geometry with the N py − Co−N amine bond angle of 155°(we do not presume this compound is sp, but rather distorting toward sp). On the other hand, crystals grown from THF fashioned the square planar complex [CoN 4 H] + . Together these aspects of ligand flexibility, redox activity, and H-bonding impart a unique set of properties to the compound that facilitate electron transfer to carbon dioxide.
Thus, our interest in understanding which of these roles dominates the CO 2 reduction reaction and the intimate details of their action prompted us to investigate the physical and chemical properties of the reduced state that reacts with CO 2 . Our previous report with CoN 4 H clearly demonstrated that, while reduction of CO 2 occurred at a formal Co(0) state, our attempts at isolating this species were thwarted by loss of H a The "top" and "bottom" refer to the face side of the catalyst. For the [CoN 4 H] + species, the CH 3 CN molecule observed in the crystal structure was not included for the calculation of CO 2 bound; this is because this compound is not stable in solvent, see Figure 5 . (Figure 8a) indicates that the extra electron is shared by the redox noninnocent ligand and the Co I atom (the excess α spin is shown as yellow, excess β as blue). However, when the CO 2 adduct is formed (Figure 8b,c) , the same extra electron, or last electron added, is also shared between the Co I −CO 2 bond and includes the oxygen atoms of CO 2 . In other words, both B3LYP and BP86 predict that there is not a full electron transfer because both functionals predict formally a Co I , which is consistent with the picture of a CO 2 + -CO 2 adduct, the CO 2 − is not observed and the spin density plots do not show any excess of electron density from alpha or beta orbitals. At the same time, there is only slight CO 2 bending, 174−176°, which confirms that the CO 2 − species is not observed when the first electron is delivered (i.e., reduction of [Co II N 4 H(MeCN)] 2+ ). Thus, the information in Figures 7 and 8 point to the remarkable importance of the redox noninnocent ligand, and this adduct shows that the electron transfer is through the transition metal center.
Others have observed CO 2 adducts on cobalt ions in the formal +1 oxidation state, most of which are stabilized by secondary coordination sphere interaction. 32 Figure 6 . Yellow shading represents the alpha spin density, while blue shading represents the beta spin density. The isosurface value is 0.001. bringing substrate CO 2 molecules to the catalyst active-site. The computation predicts essentially the same energy for CO 2 and acetonitrile complex, suggesting that only part of the oneelectron reduced catalyst forms an adduct with carbon dioxide. Using a photoreductant of sufficient reducing power allowed for the full reduction of CO 2 to CO along with detection of the weakly bound CO 2 adduct. We were still unable to observe the [CoN 4 H] state, which in our hands rapidly decomposes to [CoN 4 ] in organic solvent. It may be somewhat serendipitous in that this decomposition pathway is not deleterious. In other words, the [CoN 4 ] complex can be protonated by water and reenter the catalytic cycle. However, the DFT results indicate that in the presence of CO 2 , the NH bond appears to stabilize the substrate-catalyst adduct such that when the final electron is added to the system (say with Ir sensitizer or electrode) the formed [CoN 4 H] binds CO 2 rather strongly. The reduced catalyst species [CoN 4 H] described using DFT calculations with the BP86-D functional gives a complex of CO 2 with the two-electron reduced [Co I (N 4 H) −• ] species that features a bent carboxylate group with C interacting with the Co center. The electronic structure of the fully reduced Co(0) state and its interaction with CO 2 appears to be best described as one with a low-spin d 8 Co I ion bound to a ligand anion radical. Formation of this adduct amounts to activation of CO 2 through partial electron transfer from the reduced ligand, which we propose to be a key factor for carbon dioxide reduction to compete successfully with proton reduction.
To address further details of the sequential reaction steps, in particular observation of the two-electron reduced catalyst complex and elementary events that lead to growth of the CO product, FT-IR monitoring in response to a short sensitization light pulse is required and currently in progress in our lab.
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